In this work the influence of film-substrate misorientation on the strain-induced ordering of graphene films on various metallic surfaces is examined using a mesoscopic continuum model and first-principles atomistic calculations. The periodicity and free energy of the Moiré patterns that emerge are studied as a function of film-substrate adhesion strength for misfit strains far from and close to an incommensurate-commensurate phase transition. Interestingly the lowest energy states are found to be at small but finite misorientation even though these states have a higher domain wall density than the zero-misorientation states. First-principles density functional theory calculations are used to connect the results with experimental findings in graphene epitaxy. This combination of mesoscopic and atomistic approaches can be applied to the study of a wide range of strained 2D material systems including the III-nitride monolayer systems.
I. INTRODUCTION
The ordering of two-dimensional (2D) thin films on compact crystalline surfaces has been a topic of great interest for decades. From a fundamental point of view the coupling between the film and substrate often leads to strain induced instabilities that give rise to interesting self-organized spatial patterns that are delineated by regions of commensurability between the adatoms and substrate separated by incommensurate domain walls. Many studies have been conducted to understand the emergence of such patterns and the nature of incommensurate-commensurate (IC) phase transitions. Examples include studies of IC transitions in Kr on graphite [1] , the ordering of reactants on patterned surfaces [2] , the organization of 2D vacancy islands on heterogeneous metal interfaces [3, 4] , and surface patterning in heteroepitaxial systems [5] [6] [7] [8] [9] [10] [11] [12] . These phenomena are driven by the subtle interplay of adhesion and strain energy contributions. From a technological point of view the resulting film patterns often alter magnetic, electronic, catalytic, and transport properties of the system. Most recently a great deal of research has been driven by the finding that 2D graphene sheets can be obtained from monolayer carbon films grown epitaxially on metallic surfaces [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Interest in graphene-type 2D materials arises from their extraordinary electronic and mechanical properties and the potential for a myriad of electronic device applications such as field effect transistors, microwave and terahertz photonics, sensors, and supercapacitors [24] [25] [26] . However the development of such devices has been hindered by the difficulty in producing large scale defect-free samples in a low-cost and reliable fashion [14, 26] . Perhaps the most reliable growth method for large scale sheets is chemical vapor deposition which typically leads to polycrystalline films that contain many defects and grain boundaries [27] . It is thus apparent that predicting and controlling the growth of such films is of both technological and fundamental importance.
Two of the crucial factors controlling the 2D material heteroepitaxy are the effects of the film-substrate adhesion strength and mismatch strain which greatly influence the growth and the resulting properties of the system. A variety of substrates have been adopted in experiments, but a systematic understanding of the corresponding effects is still lacking. In this work different film-substrate systems are characterized via their distance from the IC phase transition of film patterns, such that system structural properties can be efficiently identified and predicted.
A specific property examined here is the role that filmsubstrate misorientation plays in the ordering of a 2D honeycomb film on compact fcc (111) surfaces of triangular symmetry, as would be relevant for graphene on many metallic substrates. The role of misorientation is particularly important for controlling the growth of graphene films as the film-substrate coupling is often quite weak (on the order of meV/Å 2 ) and thus it is possible for graphene to nucleate and grow in various lateral orientations with respect to the substrate. However, the corresponding mechanisms of film misalignment are still poorly understood, given large length scales of the resulting ordering patterns that are far beyond the accessible range of atomistic modeling methods [e.g., molecular dynamics and density functional theory (DFT)]. In addition, these atomistic methods usually require a priori knowledge of film orientation, which impedes the study of misaligned, noncommensurate structures and patterns.
Here a complex amplitude version of the phase field crystal (APFC) model is used to examine and predict the properties of Moiré patterns in 2D films of various misorientations. This APFC approach solves the critical issue of large length scales by allowing the examination of systems up to 19.6 μm × 33.9 μm size. Two specific film-substrate misfit strains that are representative of graphene epitaxy are studied in detail. They correspond to two of the most commonly used substrates in experiments, Cu(111) and Pt(111), and importantly, represent two distinct limits, one (Cu) close to the IC phase transition and the other (Pt) far from it. To place this work in context, firstprinciples DFT calculations are also conducted to parametrize and compare the results with experimental work, leading to a combination of APFC and DFT studies across atomistic to micron scales.
II. AMPLITUDE PHASE FIELD CRYSTAL MODEL
The starting point of the PFC model is a free energy functional of the dimensionless atomic number density n, written as F = F PFC + F surf , where F PFC is the traditional PFC free energy as described in many prior publications [28] [29] [30] , and F surf represents the coupling of the density field to a rigid substrate potential V , which for simplicity is given by F surf = d rV n. In the corresponding complex amplitude formulation, n = kl η kl exp(i G 
The APFC free energy functional can then be written as
where
, and c A = 7.95 eV was chosen to match graphene [31] . The phenomenological parameters B,B x ,t, and v have been discussed in prior publications [30] and take the value ( B,B
x ,t,v) = (0.02,0.98,−1/2,1/3) in this work. The main parameters of interest here are the misfit strain ε, V 0 , and θ which control the elastic energy stored in the film, the filmsubstrate adhesion energy, and the misorientation, respectively.
In the limit of small displacements this model reduces to a 2D sine-Gordon model that can be solved exactly for the one-dimensional stripe-commensurate transition [23] . In this latter case the free energy can be written as
where x is the coordinate normal to the stripe domain walls, = (2k + 1)π (with k an integer) in the commensurate state and = εx in the incommensurate state, and W and K are the adhesion and elastic energies per unit area. In this limit the system property only depends on the dimensionless ratio W/K, where [23] and blue points determined by the DFT results given in Table I for various graphene/substrate systems. The other points correspond to the DFT data for predictions of 2D III-nitride films on various substrates (given in Appendix A). The color scale in the Moiré patterns is proportional to the local free energy density and the dashed line to
Schematic representation of the slab geometry of graphene adsorbed on the fcc (111) metal substrate, as used in DFT calculations. The red spheres denote carbon atoms, and substrate atom colors and sizes are varied with their distance from the graphene/substrate interface.
2 /C 11 with C ij the elastic constants. It can be shown that the IC transition from a stripe to commensurate state occurs when W/K = π 2 ε 2 /16 [32] . The full phase diagram of W/K vs misfit strain can be determined from the free energy functional given in Eq. (2). The phase boundaries at zero misorientation have been calculated in Ref. [23] and are redrawn in Fig. 1 
III. DENSITY FUNCTIONAL THEORY CALCULATIONS
In order to match the APFC results with experimental systems of graphene on various fcc (111) substrate surfaces, the ratio W/K was determined via first-principles calculations. The DFT computations were performed with the use of projector-augmented wave method as implemented in the plane-wave code VASP [33] [34] [35] [36] , employing the vdW-DFoptB88 functional [37] [38] [39] . The fcc (111) substrate surfaces were modeled as slabs consisting of five layers, as illustrated in Fig. 1(b) . A vacuum of 12Å is maintained perpendicular to the slab surface to avoid any interaction between the periodic images. The atoms in the bottom three layers were fixed to their bulk positions. An energy cutoff of 650 eV and a k-point mesh of 18 × 18 × 1 result in an accuracy for the total energies within 1 meV/Å 2 . The energies per unit area were calculated for (a) a completely commensurate state of graphene on the substrate slab [ Fig. 1(b) ], E tot , (b) the substrate itself, E sub , (c) a free-standing or completely incommensurate (i.e., W/K = 0) graphene layer at the same strain ε, E sl , and (d) a free-standing graphene layer at ε = 0, E min . Defining the graphene strain energy density E s = E sl − E min and the commensurate-state energy density E c = E tot − E sub − E min , the adhesion energy per unit area W is then
The elastic moduli of graphene were also computed by straining the graphene sheet by less than ±0.5% and fitting a polynomial equation of state to the resultant energies. This gives C 11 = 352.53 N/m and C 12 = 62.19 N/m, which are consistent with previous MD [40] and ab initio [41] calculations and also experiments [42] . This leads to K = 30.45 eV/Å 2 . Estimates of W/K are given in Table I for graphene on various metallic substrates.
Using these values of W/K the locations of various graphene/substrate systems in the phase diagram are indicated in Fig. 1(a) . With the exception of Ni, all the substrate elements are in the incommensurate 2D triangular region of the phase diagram, which is consistent with the Moiré patterns that have been observed experimentally. In contrast, for graphene on Ni(111) the value of W/K is in the commensurate region of the phase diagram implying that Moiré patterns should not form, which is also consistent with experiments [43, 44] . In addition, these results indicate that the graphene film is only weakly coupled to most metallic substrates other than Cu and Ni, implying that film misorientations are more likely to occur in most systems. The fact that the graphene/Cu system is very close to but below the IC transition line implies a relatively strong coupling strength and a more significant cost for large misorientations of the film Moiré pattern, as verified in the APFC calculations described below (see Figs. 5 and 6) . Figure 1 (a) also includes the data points for some singlelayer III-nitride materials of 2D honeycomb symmetry on various substrates with triangular-lattice surfaces, based on recent DFT calculations [45, 46] . These predictions show that III-V 2D materials would be strongly bound to the substrates, resulting in a commensurate state of the film and the absence of Moiré patterns. The related DFT results are summarized in Appendix A.
IV. ROLE OF FILM/SUBSTRATE MISORIENTATION
The phase diagram shown in Fig. 1(a) was obtained assuming that the film has the same orientation as the substrate surface (θ = 0). To examine the misaligned growth of the film, numerical simulations were conducted to determine the lowest energy states as a function of film-substrate misorientation. Sample portions of configurations are given in Fig. 2 for ε = 3 .906%, and detailed results are presented in Figs. 3-6 for two misfit strains of ε = 3.906% and 11.19%, corresponding to graphene on Cu(111) and Pt(111) [47] , respectively, which represent two distinct limits of relatively strong and weak film-substrate coupling. All the simulations were carried out on a periodic lattice using semispectral methods and depending on θ and ε, contain the equivalence of 3000 to 2.5 × 10 10 atomic positions (i.e., 6 nm × 10.4 nm to 19.6 μm × 33.9 μm size systems; see Appendix B). An example of the Moiré patterns simulated is given in Fig. 2 , where in (a) and (c) the positions of the film atoms relative to the substrate are illustrated, while in (b) and (d) a comparison of the energy profiles are shown for θ = 0
• and 5.36
• . The pinning is much stronger in the former case as more regions are commensurate with the substrate and the domain walls are much sharper. In the latter case the energy is lower in the commensurate regions (due to lower strain), while the amount of incommensurate regions or domain walls is much greater.
As shown in Figs. 3 and 4 , for both misfit strains the periodicity λ of Moiré patterns decreases with increasing misorientation θ and increases with larger W/K. The former dependence can be explained by a simple geometric argument, i.e., at the limit of W/K = 0, λ = a film / ε 2 + 2(1 − ε)(1 − cos θ ) [48] , which has been included for comparison. The increase in λ with respect to W/K occurs since a stronger adhesion force leads to larger commensurate regions and a divergence in λ at the IC transition. Also included in Fig. 4 is the experimental data summarized in Merino et al. [15] for graphene/Pt(111), consistent with the scenario of a very small adhesion (compared to the IC transition line) predicted in the DFT calculations. The DFT value for Cu(111), 0.74 × 10 −3 , is slightly above the largest value (0.72 × 10 −3 ) examined numerically in Fig. 3 , indicating that the periodicity of the corresponding Moiré patterns should be significantly (1-2 nm) larger than that of the zero adhesion limit at small θ . This is consistent with the result of the phase diagram given in Fig. 1(a) which shows that the adhesion strength of graphene/Cu(111) is close to the IC transition.
In Figs. 5 and 6 the free energy difference from the incommensurate state (i.e., W/K = 0) per unit area, F /A, is shown for the graphene/Cu(111) and graphene/Pt(111) systems, respectively. The free energy is a smooth function of θ and does not contain special coincident angles for which F /A dips as suggested by Merino et al. [15] . Surprisingly the lowest energy states are at a finite value of θ which corresponds to a smaller periodicity (see Figs. 5 and 6) and correspondingly higher density of domain walls as compared to θ = 0. The misorientation angle for which F /A is a minimum, θ min , is shown in the insets of Figs. 5 and 6. As • and 0.88
• for Pt(111) and Cu(111), respectively. This prediction implies a distribution of misorientations with a peak near but not centered at θ = 0 and that the width of the distribution should be broad for graphene/Pt(111) as it is far from the IC transition line, which is consistent with experiments [15] . Since the graphene/Cu(111) system is close to the IC transition, it is likely that the distribution would be much sharper, as can be deduced from the results of large W/K given in Fig. 5 . The related experimental results are mixed, with one group [49] reporting misorientations of only 0
• and 7
• , others [50, 51] reporting only 0 • , and a very recent study obtaining a broader array of misorientations [52] , all of which indicate that processing conditions may play an important role. Considering that many substrates (Pd, Al, Ag, Au) are far from the IC line [see Fig. 1(a) ], it is expected that they should exhibit properties very similar to that of Pt.
V. SUMMARY
In summary, the competition of film misorientation and substrate adhesion on the ordering of graphene Moiré patterns was examined using an amplitude PFC model and density functional theory. Pattern properties and their variation with film-substrate coupling and mismatch are identified through a classification based on the distance from IC phase transitions. This work shows that the competition leads to an angular dependence of the Moiré pattern periodicity that is consistent with experimental results and also provides predictions for free energy costs of different misorientations. This combination of ab initio atomistic calculations with a mesoscopic modeling method provides an efficient and viable route for the quantitative study and predictions of complex growth phenomena on large micron length scales that are typically not accessible using traditional atomistic methods. Given these results it would be worthwhile to extend this combined approach to multicomponent systems for the study of other classes of 2D materials, such as the semiconducting TABLE II. Calculated quantities for III-V 2D materials from first-principles DFT.
III-V/Substrate
Misfit Strain (%) 
APPENDIX A: DFT RESULTS FOR III-V 2D MATERIALS
The quantities needed to calculate the ratio W/K for various physical systems are given in Table II below. These include DFT results for III-V 2D materials on various substrate surfaces that are of triangular symmetry. All the III-V single layers (AlN, GaN, InN, GaP) are of 2D honeycomb structure, while there are three types of triangular substrate surfaces Fig. 1 ) are metastable as recent DFT calculations show that the adsorption energy is smaller than the energy needed to make single-layer GaN, leading to a large positive formation energy on the substrate, while all other systems can be stabilized as predicted by DFT [45, 46] .
APPENDIX B: SAMPLE SYSTEM SIZES USED IN APFC CALCULATIONS
In the following Tables III and IV some sample system sizes used in various amplitude PFC simulations for graphene on Pt(111) and Cu(111) substrates are given. In these tables θ is the film-substrate misorientation angle, L x is the x-direction length of the 2D simulation box (with L y = √ 3L x ), and N is the corresponding number of atomic positions contained in the box. N is estimated by considering that the area taken up by one graphene atom is √ 3a 2 graphene /4. Larger simulation boxes are needed for smaller θ , as the rotated pattern has to be perfectly periodic within the box due to the periodic boundary condition. Note that θ = 0 can be simulated with smaller system sizes.
